INTRODUCTION
Stem cells are critical for tissue homeostasis and regeneration in adult tissues (Simons and Clevers, 2011; Weissman, 2000) . The overall decline in tissue regenerative potential with age is accompanied by an age-dependent reduction of adult stem cell functions (Rando, 2006; Rossi et al., 2005; Sharpless and DePinho, 2007) . This leads to the hypothesis that stem cell aging may be responsible for age-associated tissue function deterioration and agerelated degenerative diseases (Balducci and Ershler, 2005; Bell and Van Zant, 2004; Krtolica, 2005; Van Zant and Liang, 2003) . Therefore, understanding the underlying mechanisms that control adult stem cell behavior will provide a platform for therapeutic applications in age-related diseases.
The Drosophila adult midgut is an excellent system for studying stem cell biology. Mammalian and fly intestines show marked similarities (Casali and Batlle, 2009; Stainier, 2005; Wang and Hou, 2010) . Previous studies demonstrated that fly adult midgut is maintained by ISCs (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . ISCs self-renew and produce enteroblasts (EBs), which will differentiate into either enterocytes (ECs) or enteroendocrine cells (ee) by differential Notch signaling (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007) . It has been shown that midgut homeostasis is lost in aged flies, and Jun N-terminal kinase (JNK) signaling contributes to tissue homeostasis loss (Biteau et al., 2008; Choi et al., 2008) . However, which endogenous stimuli result in JNK signaling activation in the aging gut and how JNK signaling is regulated remain unexplored.
The Hedgehog (Hh) signaling pathway is evolutionarily conserved in regulating tissue growth and patterning (Ingham et al., 2011; Jiang and Hui, 2008) . Aberrant Hh signaling activation causes numerous diseases (Barakat et al., 2010; Taipale and Beachy, 2001) . Once released, Hh binds to Patched (Ptc) and alleviates its inhibitory effect on Smoothened (Smo). Smo recruits the Cubitus interruptus (Ci) complex and induces target gene expression (Lum and Beachy, 2004) . Ci is polyubiquitinated and degraded in the lysosome, mediated by Debra (Dbr) (Dai et al., 2003) . Previous studies have shown that Hh signaling provides a negative feedback signal in regulating the colonic stem cell niche (Büller et al., 2012; Yeung et al., 2011) . It was reported that Hh signaling regulates the behavior of ovarian somatic stem cells and hindgut stem cells in fly (Forbes et al., 1996a (Forbes et al., , 1996b King et al., 2001; Takashima et al., 2008) . However, the function of Hh signaling in adult midgut homeostasis is unclear.
In this study, we provide evidence that Dbr plays an important role in midgut homeostasis. We further demonstrate that JNK signaling acts downstream of Hh signaling in this process. Together, our data uncover an important mechanism that controls ISC proliferation/differentiation and tissue homeostasis.
RESULTS AND DISCUSSION
In order to identify regulators of ISC behavior, we carried out a screen using esgGal4 in the posterior midgut. From
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Dbr Controls Midgut Homeostasis this screen, Dbr was identified as a candidate. Single esg + cells are interspersed in young flies ( Figure 1A) . In aged flies, esg + cells are clustered, enlarged in size, and aberrant in morphology (Figures 1B, 1E, and 1F; Biteau et al., 2008; Choi et al., 2008) . Dbr was detected in different intestinal cell types (Figures S1A-S1C available online). When Dbr was depleted ( Figure S1D ), esg + cells were often clustered, with aberrant morphology (Figures 1C-1E ). Their cell size was increased, and many esg + cells were equivalent in size to ECs ( Figures 1C, 1D , and 1F). We also observed increased mitosis in these guts ( Figure 1G ). Because the observed defects were very similar to those observed in aged flies, we speculated that Dbr may be involved in one or more aging-related processes.
In young flies, Dl protein (Delta) could only be detected in individual ISCs or one of two adjacent esg + cells (Figure 1H) . In aged flies, high levels of Dl were found in two or more adjacent esg + cells of various sizes ( Figure 1I Figures 1H and 1I ). In dbr-depleted guts, we observed defects similar to those seen in aged flies ( Figures 1J and  1K ). The differentiation of ISC daughters is regulated by Notch signaling (Micchelli and Perrimon, 2006; Spradling, 2006, 2007) . Notch signaling activation was determined by means of a Su(H)+GBE-lacZ reporter (Furriols and Bray, 2001) . Notch signaling was activated in EBs in young flies ( Figure 1L ). In old flies, Notch signaling activation was widespread ( Figure 1M ). In control flies, Notch signaling was only activated in one of the two adjacent esg + cells ( Figure 1N ). However, Notch signaling activation could be observed in many cells in esg + clusters (Figures 1O and 1P) . To further confirm these defects, we generated dbr MARCM clones (Lee and Luo, 2001) . Two dbr alleles were employed. The size of the ISC clones of both mutants was significantly increased compared with control clones, indicating increased ISC proliferation upon loss of dbr ( Figures 1Q-1S and 2F). Consistent with the notion that the observed defects in dbr-depleted guts resulted from aberrant ISC proliferation/differentiation, these defects could be effectively suppressed by inhibition of epidermal growth factor receptor (EGFR) signaling (Figures S1E-S1H; Jiang et al., 2011) . Together, these data demonstrate that Dbr is required for ISC proliferation/ differentiation, thereby controlling midgut homeostasis. We further examined the mechanism(s) underlying Dbrmediated ISC proliferation. A previous study showed that Dbr can define a Hh-responsive region in the wing disc by ubiquitination and lysosomal degradation of Ci (Dai et al., 2003) . We first determined whether Ci is responsible for the defects observed in dbr mutants. Indeed, the defects caused by dbr knockdown could be suppressed by depletion of ci . Moreover, inhibition of ci alone could effectively inhibit ISC proliferation ( Figures  S2A-S2C) . Furthermore, the size of the ISC clones of both dbr mutants was effectively suppressed by codepletion of ci ( Figures 2D-2F ), demonstrating that Ci is the cause of ISC proliferation in the absence of dbr.
To further explore the role of Hh signaling in ISC behavior, we generated ptc mutant clones. Interestingly, the size of the ptc S2 ISC clones was significantly increased Figure 2M ). These phenotypes were very similar to those of aged flies and dbr mutants, suggesting that ectopic Hh signaling is responsible for ISC proliferation. Increased Dl was observed in two or more adjacent esg + cells of various sizes. Many ee cells were also esg + in ptc-depleted guts, indicating that homeostasis was lost due to increased ISC proliferation ( Figure 2N ). Widespread Notch signaling activation was observed in these guts ( Figures 2O and 2P Figures 2C and 2R) . Similarly, the size of the smo ISC clones was significantly reduced ( Figures  2S and 2T ). Furthermore, we found that midgut regeneration under stress conditions was compromised by inhibition of Hh signaling ( Figures S2D-S2G ).
The aforementioned experiments demonstrated the essential roles of Dbr/Hh signaling in midgut homeostasis. Next, we examined the source(s) of Hh involved in this process. We determined hh expression by using an hh-lacZ enhancer and Hh antibody. A high level of Hh expression was found in the anterior adult hindgut (Figures 3A and  3B ; Takashima et al., 2008) . In the posterior midgut, Hh expression was detected in the visceral muscles (VMs) and various intestinal cells (Figures 3C-3H) . Moreover, we found that Hh expression was significantly increased in aged and stressed flies ( Figure S3A ; Buchon et al., 2009 ).
Next, we discriminated the source of functional Hh proteins via RNAi and various Gal4 drivers. However, ISC proliferation could still be observed after induction of hh RNAi (Figures 3I-3L ; data not shown), indicating that Hh proteins from different sources play a redundant role in ISC proliferation. Consistently, Hh protein could be detected in the VMs and intestinal cells when ectopic hh expression was induced in the trachea and VMs, respectively (Figure S3B) . These data indicate that Hh protein can be transported to the midgut epithelium from its various producing sources, consistent with our recent finding that Dpp (Decapentaplegic) can be transported from the trachea to the midgut epithelium (Li et al., 2013 (Biteau et al., 2008; Oh et al., 2005; Wang et al., 2003 Wang et al., , 2005 . Therefore, it is possible that Hh signaling may result in JNK signaling activation, causing midgut homeostasis loss. Indeed, we found that JNK signaling was dramatically elevated in aged flies ( Figures 4A-4C) . Moreover, Hh signaling activated by depletion of dbr or ptc substantially increased JNK signaling levels ( Figures 4C-4F ). Furthermore, JNK signaling activation in aged flies was greatly suppressed in esg ts > ci RNAi flies ( Figures 4B and 4G ). Importantly, midgut homeostasis loss caused by dbr knockdown tissue homeostasis loss. This detrimental effect of Hh signaling is safeguarded by Dbr, which maintains a proper level of Hh signaling in ISCs ( Figure 4P ). Our data suggest that JNK signaling acts downstream of Hh signaling in controlling tissue homeostasis.
Our data demonstrate the essential role of Dbr in controlling tissue homeostasis. Stem cells are influenced by both intrinsic and extrinsic factors (Casali and Batlle, 2009; Radtke and Clevers, 2005; Xie and Spradling, 2000) . Previous studies have demonstrated that fly ISCs receive various extrinsic signals from VMs and the midgut epithelium itself (Jiang et al., 2009 (Jiang et al., , 2011 Lin et al., 2008) . Our recent data also demonstrated that BMP from tracheal cells is an extrinsic signal required for midgut hemostasis (Li et al., 2013) . The present study highlights Hh as another extrinsic signal that is essential for ISC physiology. Up to now, however, the intrinsic factors that control ISC behaviors have not been well studied. Here, we identified Dbr as an intrinsic factor. Proper control of the regenerative and self-renewal capacity of stem cells in the intestinal epithelium is of particular importance for long-lived organisms. Failure of this regulation in older individuals is reflected by the high incidence of intestinal adenomatous polyps (Radtke and Clevers, 2005) . It has been reported that Shh levels are elevated in human gastric adenomas and intestinal metaplasias, suggesting that Hh overactivation may be involved in early gastric carcinomas (Parkin and Ingham, 2008) . We found that the expression of Hh pathway components is increased in aging guts ( Figure S4 ). Furthermore, although dbr expression increases as flies age, increased Hh signaling together with the activation of other signaling pathways, such as JAK/Stat and p38, may overcome the inhibitory effect of Dbr in aging flies, leading to midgut homeostasis loss (Figures S1A-S1C and S4).
JNK signaling promotes the expression of cytoprotective genes in flies, which contributes to tissue homeostasis loss in aged guts (Biteau et al., 2008) . We found that JNK activity was increased in dbr-and ptc-depleted guts, and further inhibition of JNK activity in these guts effectively suppressed these defects. Importantly, JNK signaling activation was greatly suppressed by inhibition of Ci (Figures 4B-4G ). These data indicate that JNK signaling acts downstream of Hh signaling in tissue homeostasis control ( Figures  4C-4O) . Interestingly, the guts of senescent mice contain increased numbers of clonogenic cells, reminiscent of the age-related changes in flies (Martin et al., 1998) . Based on the evolutionary conservation of JNK signaling (Weston and Davis, 2007) , it is expected that its effects on midgut homeostasis are also conserved. Further studies are needed to determine which stimuli result in JNK activation in dbrand ptc-depleted guts. Oxidative stress is a plausible inducer. Additionally, other stimuli, such as enteric infection, can also activate JNK. Further analysis will provide new insight into the mechanisms of tissue homeostasis control.
EXPERIMENTAL PROCEDURES

Fly Lines and Husbandry
Flies were maintained on standard media at 25 C. Crosses were raised in 18 C incubators. Information regarding the alleles and transgenes used in this study can be found in FlyBase (http:// flybase.org) and Supplemental Experimental Procedures.
Immunostaining and Fluorescence Microscopy
Immunostaining of intestines was performed as previously described (Li et al., 2013) . The primary antibodies used were mouse mAb anti-Dl (C594.9B, 1:50) and mouse mAb anti-Pros (MR1A, 1:100; both obtained from DSHB), rabbit anti-b-galactosidase (1:5,000; Cappel), mouse anti-b-galactosidase (1:1,000; Cell Signaling), rabbit anti-pH3 (1:2,000; Millipore), rabbit anti-Dbr (1:100; a gift from Dr. S. Ishii), and rabbit anti-RFP (1:200; Abcam). All images were captured by a Zeiss LSM780 inverted confocal microscope and processed in Adobe Photoshop and Illustrator.
MARCM ISC Mosaic Analysis
The ISC clones were induced by heat shocking 3-to 5-day-old adult flies at 37 C for 1 hr. The flies were maintained at 25 C and transferred to new vials every day. The sizes of the marked clones were assayed at 6 days after clone induction (6D ACI).
Data analysis
PH3 numbers were scored under Zeiss Z2/LSM780 microscopes. The number scored is indicated in the text. The number of esg + cells per cluster was determined in at least five guts. Quantification of the cell size of esg + cells was performed using Adobe Photoshop.
The size of at least 20 cells in three different guts was determined for each condition. The relative number of esg + cells and EBs was determined using Image-Pro Plus from confocal images. Student's t test was used for statistical analysis; *p < 0.05 was considered significant and data are presented as mean ± SEM. Sigma plot software was used for graph generation. The graphs were further modified using Adobe Photoshop and Illustrator.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental
Procedures and four figures and can be found with this article online at http://dx.doi.org/10.1016/j.stemcr.2013.12.011.
